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A B S T R A C T 

Dust emission from high-redshift galaxies gives us a clue to the origin and evolution of dust in the early Universe. Previous 
studies have shown that different sources of dust (stellar dust production and dust growth in dense clouds) predict different 
ultraviolet (UV) extinction curves for galaxies at z ∼ 7 but that the observed attenuation curves depend strongly on the geometry 

of dust and star distributions. Thus, we perform radiative transfer calculations under the dust–star geometries computed by a 
cosmological hydrodynamic simulation (IllustrisTNG). This serves to investigate the dust attenuation curves predicted from 

‘realistic’ geometries. We choose objects with stellar mass and star formation rate appropriate for Lyman break galaxies at 
z ∼ 7. We find that the attenuation curves are very different from the original extinction curves in most of the galaxies. This 
makes it difficult to constrain the dominant dust sources from the observed attenuation curves. We further include infrared dust 
emission in the analysis and plot the infrared excess (IRX)–UV spectral slope ( β) diagram. We find that different sources of dust 
cause different IRX–β relations for the simulated galaxies. In particular, if dust growth is the main source of dust, a variation of 
dust-to-metal ratio causes a more extended sequence with smaller IRX in the IRX–β diagram. Thus, the comprehensive analysis 
of the abundance of dust and metals, the UV slope, and the dust emission could provide a clue to the dominant dust sources in 

the Universe. 

K ey words: radiati ve transfer – methods: numerical – dust, extinction – galaxies: evolution – galaxies: high-redshift – galaxies: 
ISM. 
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 I N T RO D U C T I O N  

ecent observations by the Atacama Large Millimetre/submillimetre 
rray (ALMA) have detected dust emission from galaxies, repre- 

ented by Lyman break galaxies (LBGs), in the early Universe, and 
he redshift frontier of dust emission observations has expanded to z 
 7, where z is the redshift (e.g. Hodge & da Cunha 2020 ; Schouws

t al. 2022 ). These observations in principle can provide clues to the
rst dust enrichment or the origin of dust in the Universe. Since dust

s an important component in the interstellar medium (ISM) in terms
f radiative and chemical processes (e.g. Draine 2009 ), revealing the 
rigin of dust has a large impact on the understanding of the evolution
f the ISM in galaxies. 
One of the important roles of dust in galaxies appears in radiative

rocesses. Dust absorbs and scatters stellar light in the ultraviolet 
UV)–optical and reprocesses it in the infrared (IR). Thus, dust modi- 
es the shape of spectral energy distributions (SEDs) of galaxies. The 
um of absorption and scattering is referred to as the extinction, and
he wavelength dependence of extinction, called extinction curve, 
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s of fundamental importance in regulating the UV–optical SED 

hape (e.g. da Cunha, Charlot & Elbaz 2008 ; Boquien et al. 2019 ;
bdurro’uf et al. 2021 ). The grain size distribution as well as the
ust composition is important in determining the extinction curve 
e.g. Mathis, Rumpl & Nordsieck 1977 ). This means that we need to
nderstand not only the total amount of dust, but also the grain size
istribution. 
There are some predictions on the grain size distribution for LBGs

t z � 7. Liu & Hirashita ( 2019 ) used data of ALMA-detected LBGs
t z � 7 in the literature to constrain the dust enrichment history and
ound that efficient dust condensation in stellar ejecta and fast dust
rowth by the accretion of gas-phase metals both explain the observed 
ust masses equally well (see also Wang, Hirashita & Hou 2017 ).
n particular, non-stellar dust sources (accretion) are also proposed 
o explain the dust masses of some high-redshift galaxies (Mancini 
t al. 2015 ; Le ́sniewska & Michałowski 2019 ). Liu & Hirashita
 2019 ) also calculated the grain size distributions, which pro v ed to
e significantly different between the two dust sources (stellar dust 
roduction versus dust growth by accretion). If the dust abundance 
s dominated by stellar dust production (mainly supernovae at high 
edshift), the grain sizes are biased to large (sub-micron) radii (see
lso Nozawa et al. 2007 ; Gall et al. 2014 ). In contrast, if the dust mass
ncrease is predominantly caused by accretion, small ( � 0 . 01 μm )
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rains are dominant because of their high accretion efficiencies
i.e. large surface-to-volume ratios; see also Weingartner & Draine
999 ; Hirashita & Kuo 2011 ). In the first scenario where the dust
s dominated by stellar production (stardust scenario), optical–UV
 xtinction curv es are flat because of large grain sizes. In contrast, the
econd scenario with dust growth by accretion (dust growth scenario)
redicts steep extinction curves. This means that extinction curves
ay provide a useful guide to distinguish the dominant dust sources

n high-redshift galaxies. 
As long as we observe the integrated emission from a galaxy, the

tellar light is not simply attenuated following the extinction curve,
ut is affected by various radiative transfer effects within the galaxy
e.g. Calzetti 2001 ; Salim & Narayanan 2020 ). The wavelength
ependence of the attenuation is referred to as the attenuation curve.
herefore, if we analyse the SED of a galaxy, what we can extract

n terms of the dust property is not the extinction curve but the
ttenuation curve (e.g. Buat et al. 2011 ; Kriek & Conroy 2013 ).
t is well known that the attenuation curve is strongly modified
y the spatial distribution geometries of dust and stars (dust–star
eometries; e.g. Witt & Gordon 1996 , 2000 ; Granato et al. 2000 ). 
Lin et al. ( 2021 , hereafter L21 ) examined the spherically sym-
etric geometries for dust and star distributions and calculated

he attenuation curves for the abo v e-mentioned two different grain
ize distributions predicted from different grain sources – stardust
cenario and dust growth scenario. They found that attenuation curves
end to be flat if dust and stars are distributed in a well mixed way
see also Narayanan et al. 2018b ). L21 called this flattening effect
 geometry effect ’ following Narayanan et al. ( 2018b ). This geometry
ffect is also found and analysed by Di Mascia et al. ( 2021 ). In
ontrast, attenuation curves tend to be steepened if young stars are
ore embedded than old stars, which L21 called ‘ a g e effect ’ (see

lso Charlot & Fall 2000 ; Narayanan et al. 2018b ), or if scattering
s important (‘ scattering effect ’; Witt & Gordon 2000 ; Baes &
ejonghe 2001 ; Goobar 2008 ). L21 showed that these complicated

ffects strongly modify the shape of attenuation curve and concluded
hat it is difficult to discriminate the grain sources only using the
ttenuation curves. 

The extinction properties could be constrained further if we
nclude IR emission into the analysis. The relation of two attenuation
ndicators, IR excess (IRX) and UV SED slope ( β), is often used to
nalyse the extinction (or attenuation) properties of galaxies (Meurer,
eckman & Calzetti 1999 ). This IRX–β relation is particularly useful

or high-redshift galaxies (e.g. Casey et al. 2014 ) because it is not
asy to extract the attenuation curves from a limited number of
bservational photometric points. Indeed, many studies have plotted
RX–β relations for z � 7 LBGs (e.g. Hashimoto et al. 2019 ;
chouws et al. 2022 ). Theoretical studies by Popping, Puglisi &
orman ( 2017 ) and Narayanan et al. ( 2018a ) showed that the abo v e

adiati ve transfer ef fects in addition to the original e xtinction curv e
hape affect the IRX–β relation. Although the uncertainties are large,
BGs at z > 5 seem to be dispersed in the IRX–β diagram (see also
apak et al. 2015 ; Faisst et al. 2017 ; Fudamoto et al. 2020 ) unlike
earby galaxies that lie more or less on a sequence (e.g. Meurer
t al. 1999 ; Takeuchi et al. 2012 ). L21 , based on the abo v e radiativ e
ransfer calculations, examined the IRX–β relation and found that
he two different dust sources (stardust and dust growth scenarios)
redict different positions in the relation. The dust growth scenario,
hich has a steeper extinction curve than the stardust scenario,
redicts systematically larger values of β (i.e. redder UV spectra)
t a fixed value of IRX. This is because with a fixed amount of
ust attenuation, the steeper extinction curve extinguishes radiation
t short wavelengths more efficiently. 
NRAS 519, 2475–2485 (2023) 
It is still necessary to investigate the effect of dust distribution
eometry using more realistic structures. L21 assumed spherical
ymmetry in order to facilitate the physical interpretation. The spatial
istribution of dust is driven by hydrodynamics because dust is cou-
led well with gas dynamics on (sub)galactic scales (McKinnon et al.
018 ). Thus, hydrodynamic simulations provide us with useful tools
o investigate the dust effects in realistic dust distribution geometries.
n addition, statistical properties of dust attenuation is important
o obtain a general conclusion not strongly influenced by specific
eometries realized in a small number of galaxies. Cosmological
ydrodynamic simulations, which compute the evolution of cosmic
tructures including dark matter and baryons, are in general able
o predict statistical properties of galaxies in the Universe (e.g.
pringel & Hernquist 2003 ). These simulations also include detailed
aryonic physics such as star formation and energy input (feedback)
rom stars and super-massive black holes, enabling us to predict
volution of various galactic properties (star formation history, metal
nrichment, multiphase ISM structures, etc.) on (sub-)kiloparsec
cales (e.g. Pillepich et al. 2018b ). In this paper, we use a galaxy
ample in a cosmological hydrodynamic simulation to investigate
ust attenuation in predicted spatial distributions of dust and stars.
pecifically, we use the next-generation Illustris project (hereafter
llustrisTNG or TNG, see Section 2.1 for more information). The
mportance of considering realistic structures of dust distribution is
urther pronounced by the actually observed inhomogeneous dust–
tar distributions in high-redshift galaxies (Bowler et al. 2022 ; Inami
t al. 2022 ). 

There have been some studies of dust attenuation properties in
igh- z galaxies (including the redshift of interest, z ∼ 7) using
osmological simulations. Yajima et al. ( 2014 ) performed a cos-
ological zoom-in simulation and showed that the difference in dust

rain sizes has an imprint on the observed UV luminosity function
hrough different wavelength dependence of dust extinction. Ma et al.
 2019 ) also used a cosmological zoom-in simulation and found a clear
RX–β relation predominantly determined by the adopted extinction
urv e. The y concluded that the IRX–β relation is more strongly
etermined by the shape of the adopted extinction curve than by
he dust-to-metal ratio ( R D/M 

, or the normalization of the attenuation
aw). Liang et al. ( 2021 ) found similar IRX–β relations at z ∼ 6,
sing a cosmological zoom-in simulation (see also Liang et al. 2019 ).
hey also pointed out that the intrinsic stellar spectrum or the stellar
ge is important in determining the position (or redshift evolution)
n the IRX–β relation (see also Burgarella et al. 2020 ). Vijayan
t al. ( 2022 ) also performed a cosmological zoom-in simulation and
ound an IRX–β relation similar to that of nearby starburst galaxies
implying a Calzetti-like attenuation curv e), although the y assumed
he Small Magellanic Cloud (SMC) extinction curve. Pallottini et al.
 2022 ), using their on-the-fly radiative transfer code, calculated
he radiative properties of galaxies using a cosmological zoom-in
imulation. They found a large IRX with relatively blue UV colours
i.e. small β). They suggested that a spatial se gre gation between
V- and IR-dominated regions is responsible for the position of

heir simulated galaxies in the IRX–β diagram (see also Behrens
t al. 2018 ). The abo v e two studies indicate that the dust–star
eometry play an important role in shaping the attenuation curve
or the IRX–β relation) and that the attenuation curve does not
ecessarily reflect the original extinction curve. Shen et al. ( 2022 )
sed IllustrisTNG and focused on SEDs, luminosity functions, and
ust temperatures, but did not analyse the dust attenuation properties
n detail. All the abo v e studies basically fixed the dust property (or
he e xtinction curv e), and it is not clear ho w dif ferent dust properties
or extinction curves), which are expected for high-redshift galaxies
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Figure 1. Stellar mass ( M � )–SFR relation of the galaxies in the z = 7.0 
snapshot in TNG50. The selected objects in this paper are shown in blue. 
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Liu & Hirashita 2019 ), affect the dust attenuation curves and the
RX–β relation. 

In this paper, we focus on the effect of different extinction 
roperties on dust attenuation curves and IRX–β relations, moti v ated 
y the abo v e-mentioned results that different dust sources (stardust
cenario versus dust growth scenario) predict different extinction 
urves. Although L21 already investigated this effect in idealized 
pherical geometries, we extend their studies by using ‘realistic’ 
ust–star geometries predicted from a cosmological simulation. In 
his way, we are able to clarify if different dust sources have any
ignificant imprint on the observed attenuation properties in the 
patial distributions of dust and stars realized as a result of the
osmological structure formation. At the same time, we also examine 
f observed IRX–β relations for galaxies at z ∼ 7 (the frontier redshift
or dust observation) are explained by the grain size distributions 
xpected from dust evolution models. 

This paper is organized as follows. In Section 2 , we explain the
osmological simulation, the dust models, the post-processing radia- 
ive transfer calculations, and the outputs that quantify the attenuation 
roperties of simulated galaxies. In Section 3 , we present the results.
n Section 4 , we discuss uncertainties and implications of the results.
n Section 5 , we summarize our findings. We follow the same
osmological model as used in TNG ( h = 0.6774, �� 

= 0 . 6911,
m 

= 0.3089, and �b = 0.0486; Planck Collaboration et al. 2016 ). 

 M E T H O D S  

.1 IllustrisTNG and sample selection 

e model the spatial distributions of dust and stars in galaxies at z 
7 using the result of a state-of-the-art cosmological hydrodynamic 

imulation in the IllustrisTNG project (Nelson et al. 2019a ). There are 
 variety of simulations with different cubic volumes with comoving 
ide lengths of ∼50, 100, and 300 Mpc referred to as TNG50 (Nelson
t al. 2019b ; Pillepich et al. 2019 ), TNG100, and TNG300 (Marinacci
t al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ; Pillepich et al.
018b ; Springel et al. 2018 ), respectively. Each of these simulations
olves for the gra vitational ev olution of dark matter and baryons from
 = 127 to the present day, including baryonic physics and energy
eedback from formed structures (Weinberger et al. 2017 ; Pillepich 
t al. 2018a ). 

Since the radiative transfer results could be sensitive to the spatial 
esolution, we adopt the highest resolution simulation, TNG50-1 
hereafter TNG50). High resolution is also useful to select low- 
ass galaxies. The mass resolutions of baryons and dark matter 

re 5.74 × 10 4 h −1 M � and 3.07 × 10 5 h −1 M �, respectively. As
entioned in the Introduction, we focus on LBGs at z � 7, where
LMA detected the most distant dust continuum. Thus, we adopt 

he snapshot at z = 7.0 in TNG50. For high-redshift galaxies at z ∼
 whose dust emission has been detected by ALMA, as compiled by
iu & Hirashita ( 2019 ), the range of the stellar mass ( M � ) is 10 9 –
0 10 M �, and that of the star formation rate (SFR) is 10–100 M �
r −1 . We expand these parameter ranges downwards by an order 
f magnitude to include non-detected galaxies and finally choose 
alaxies with stellar mass of 1.5 × 10 8 –1.5 × 10 10 M �1 and a
FR of 1–100 M � yr −1 . This expansion is useful to examine the
ystematic variation caused by the stellar mass (given that M � and 
 The range also takes into account the available computational resources. We 
xpect that further lowering the lower mass limit to e.g. 1.0 × 10 8 M � has 
ittle impact on the discussions and conclusions in this paper. 

a
d  

t  

2  

c  
FR are broadly correlated; Fig. 1 ). The lowest mass ( M � = 1.5 × 10 8 

 �) still contains a large number ( � 10 4 ) of baryonic particles, which
elps to obtain a meaningful result for radiative transfer calculations. 
ith the abo v e criteria, we select 133 galaxies from the z = 7

napshot. We show the relation between SFR and M � of the selected
alaxies in Fig. 1 . We observe that we almost completely include
alaxies with M � > 1.5 × 10 8 M � because of the strong correlation
etween M � and SFR; in other words, the criterion on SFR does not
ignificantly affect the sample properties. 

We tested the resolution effect by using TNG100: We chose 52
alaxies with the following criteria: M � = 1.5 × 10 9 –1.5 × 10 10 

 � and SFR = 10–100 M � yr −1 . The lower bounds of these
riteria for TNG100 are set to 10 times larger than those in TNG50
ecause of worse mass resolution. We confirmed that the statistical 
istributions of attenuation curves and IRX–β relations are similar 
etween TNG50 and TNG100 without any significant systematic 
eviations in the common stellar mass range. Since the extension 
o wards lo wer stellar mass achieved by TNG50 (as well we higher

ass resolution) is useful, we only discuss the results for TNG50 in
his paper. 

.2 Dust model 

e adopt the same dust model as in L21 . The input extinction curves
re based on the grain size distributions predicted by Liu & Hirashita
 2019 ) for z � 7 LBGs. They used the evolution model of grain size
istribution developed by Hirashita & Aoyama ( 2019 ) (originally 
rom Asano et al. 2013 ), who included stellar dust production,
ust destruction by supernovae, grain growth by accretion and 
oagulation, and grain disruption by shattering in a consistent manner 
ith metal enrichment by stars. Liu & Hirashita ( 2019 ) predicted

he resulting grain size distributions in the following two scenarios: 
fficient stellar dust production (hereafter referred to as the stardust 
cenario ) and fast dust growth in the ISM ( the dust growth scenario ),
nd showed that both scenarios equally reproduce the stellar and 
ust masses and the SFRs actually observed for z � 7 LGBs at
 typical age of ∼10 8 yr. Ho we ver, the grain size distributions
re significantly different. In the stardust scenario, the grain size 
istribution is dominated by large ( a � 0 . 1 μm ) grains, which reflect
he typical sizes of grains formed by stellar sources (Liu & Hirashita
019 , and references therein). In the dust growth scenario, in
ontrast, small ( a � 0 . 01 μm ) grains are dominant since their larger
MNRAS 519, 2475–2485 (2023) 
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urface-to-volume ratios lead to more efficient accretion of the gas-
hase metals. Note that L21 recalculated the grain size distributions
sing the Chabrier ( 2003 ) initial mass function (IMF) instead of the
alpeter ( 1955 ) IMF. This change does not cause any significant
ifference in our results. 
To calculate the extinction curve, the grain size distribution in

ach scenario is decomposed into two dust species, silicate and
raphite, following L21 : To focus on the difference between the two
cenarios, we fix the dust composition by assuming a constant value
f 0.9 for the mass ratio of silicate-to-the-total dust mass ( f sil ). This
alue is appropriate at typical young ages of the high-redshift LBGs
Hirashita & Murga 2020 ; Huang et al. 2021 ). We display the effect
f f sil in Appendix A and also mention it in Section 3.2 . The resulting
 xtinction curv es are v ery different in the two scenarios with the dust
rowth scenario predicting a much steeper curve than the stardust
cenario. The extinction normalized to the value at λ = 0 . 3 μm ( λ
s the rest-frame wavelength) is four times larger in the dust growth
cenario than in the stardust scenario at λ = 0 . 1 μm (see L21 for
etails). 
We determine the mass of dust ( m dust ) for each discrete gas particle

n the simulation using the metallicity and the derived temperature
rovided by TNG as 

 dust = 

{
R D / M 

m gas Z gas if T gas < T th , 
0 if T gas ≥ T th , 

(1) 

here T gas is the gas temperature, m gas is the gas mass, Z gas is
he metallicity of the gas, R D/M 

is the dust-to-metal ratio, and T th 

s the threshold temperature abo v e which dust is destroyed. TNG
rovides m gas and Z gas , while we give R D/M 

as a free parameter.
e adopt a threshold of T th = 10 5 K, which is well abo v e the

ypical temperature of the diffuse ISM ( ∼10 4 K). The threshold
imics the dust destruction in the circum-galactic medium (Aoyama

t al. 2018 ) and in the ISM directly heated by supernovae (Hu et al.
019 ). The abo v e threshold is also near to the value (7.5 × 10 4 

) adopted by Schulz et al. ( 2020 ). In nearby galaxies, such as
he Milky Way, the R D/M 

is ∼0.3 (e.g. De Vis et al. 2019 ; Chiang
t al. 2021 ), and the ALMA-detected LBGs at z ∼ 7 have similar
 D/M 

(Liu & Hirashita 2019 ; Dayal et al. 2022 ). Ho we ver, this
alue is uncertain. Some studies assume R D/M 

of ∼0.1 for the dust
ondensation efficiency in stellar ejecta based on theoretical results
e.g. Inoue 2011 ; Kuo, Hirashita & Zafar 2013 ). A similar R D/M 

0.08) is preferred by Behrens et al. ( 2018 ), who compared their
adiative transfer calculations with a galaxy at z = 8.38. Recent
tudies suggested that the dust destruction by supernovae could be
fficient in diminishing the dust content in high-redshift galaxies
Burgarella et al. 2020 ; Nanni et al. 2020 ). In this case, the R D/M 

is
xpected to be lower. Therefore, to account for the abo v e ranges and
ncertainties of R D/M 

, we examine R D/M 

= 0.3, 0.1, and 0.05, but still
ssume R D/M 

to be constant. The grain size distribution is normalized
o that the total dust mass becomes m dust on each gas particle. 

Some studies of nearby galaxies (e.g. R ́emy-Ruyer et al. 2014 ;
e Vis et al. 2019 ; Galliano et al. 2021 ) indicate that the R D/M 

epends on the metallicity. A metallicity-dependent R D/M 

tends to
nhance the variation of dust-to-gas ratio; thus, it tends to expand the
ariation in the attenuation curves and the IRX–β relation. However,
e confirmed that, because of the large variety in the gas distribution
eometries among the sample galaxies, the metallicity dependence of
 D/M 

only has a subdominant effect on the scatters in the attenuation
urves and the IRX–β relation. The above change of the constant
 D/M 

values (0.05–0.3) has a larger influence on these properties.
oreo v er, the dust attenuation is more prominent in regions with

igh metallicity, where the constant R D/M 

is justified (R ́emy-Ruyer
NRAS 519, 2475–2485 (2023) 
t al. 2014 ). Therefore, we assume R D/M 

to be constant but still
xamine the effect of its variation. 

.3 Radiati v e transfer simulation 

 or the radiativ e transfer calculation, we use SKIRT9 , which is based
n the Monte Carlo method (Camps & Baes 2020 ). In addition
o the stellar radiation transfer in a dusty medium, it calculates
he secondary emission from dust in a consistent manner with the
adiative energy absorbed by the dust, including iterations for dust
elf-absorption. We import the gas and star particles of each galaxy
Section 2.1 ) into the SKIRT9 module. Both types of particles contain
he information of position, smoothing length, mass, and metallicity.
he stellar age is also available for each stellar particle. These
uantities are used to obtain the necessary inputs for the radiative
ransfer calculations as described below. The grain size distribution
including the appropriate normalization for the total dust abundance
etermined by R D/M 

; Section 2.2 ) in each gas particle is included into
KIRT9 by the newly implemented grain size distribution feature. 

For the numerical implementation of radiative transfer, SKIRT9
ses adaptive mesh refinement (AMR) grids to store the radiation
eld at each spatial location. If a grid contains more than 10 −6 of the

otal mass of the dust in the whole simulation box, we adopt a higher
esolution level of the AMR. The highest spatial resolution is ∼2–
 pc, comparable to or smaller than the spatial resolution achieved
y TNG50. In this work, there are roughly a few millions of AMR
irds in total for each galaxy. 
For the intrinsic stellar spectrum of each stellar particle, the

ruzual & Charlot ( 2003 ) model is adopted based on the metallicity
nd stellar age given by TNG for stellar particles with age > 10 Myr.
e adopt the Chabrier ( 2003 ) IMF. Since we are only interested in

he f ar-IR w avelengths where dust in radiative equilibrium dominates
he emission, we do not consider stochastic heating. We adopt the
ptical properties of silicate and graphite from the Draine & Lee
 1984 ) model and the calorimetric properties from the Draine & Li
 2001 ) model. For the stellar particles of which the age is less than
0 Myr, because they are usually associated with dense star-forming
egions that TNG is not able to resolve, we adopt the MAPPINGS III
odel (Gro v es et al. 2008 ). This prescription for young stars was also

dopted by Camps et al. ( 2018 ), and the time-scale (10 Myr) of this
embedded’ phase is consistent with that derived from the analysis
f the UV properties in high-redshift LBGs by Mancini et al. ( 2016 ).
or the MAPPINGS III SED, several parameters need to be fixed.
he metallicity is given by TNG and the SFR is simply assumed to be
onstant o v er the past 10 Myr. The compactness of the star clusters
 , the gas pressure, and the photodissociation region covering factor
re set to 10 5 , 1.38 × 10 −12 Pa, and 0.1, respectively (Groves et al.
008 ; Jonsson, Gro v es & Cox 2010 ). 
Note that the dust e xtinction la w implicitly assumed in the
APPINGS III model is not consistent with our assumption. Thus,
e examined a case in which the MAPPINGS III model is not

pplied at all. As expected, the IRX–β relation shifts towards
ower extinction, but the shift is along the sequence; that is, the

APPINGS III implementation does not alter the IRX–β sequence,
hich is well identified in the results (Section 3 ). The statistics of the

ttenuation curve shapes is not changed significantly by the inclusion
f MAPPINGS III. Overall, the difference between the calculations
ith and without MAPPINGS III has the same effect as changing
 D/M 

, whose effect is discussed in detail in Section 3.2 . Because of
he de generac y with R D/M 

, the inclusion of MAPPINGS III does not
ause any direct or systematic influence on the conclusions drawn in
his paper, as long as R D/M 

is mo v ed in a sufficiently large range. 



Attenuation properties at z ∼ 7 2479 

fl
d
T
0

2

A  

t
c
r
β

d  

a
w

2

T  

i  

T

τ

w
n
r

2

W  

β

β

w  

0  

c  

i  

t
L  

λ

s

I

w  

L

3

I  

a
i
s  

o  

a  

o

Figure 2. Upper: Attenuation curves of the z = 7 sample in TNG with R D/M 

= 

0.1, normalized to the value at rest-frame wavelength λ = 3000 Å. The blue 
and red areas represent the 16th–84th percentile range of the attenuation 
curves in the stardust and dust growth scenarios, respectively. The blue and 
red solid curves show the original extinction curves for the stardust and dust 
gro wth scenarios, respecti v ely. F or reference, the Calzetti attenuation curv e 
(Calzetti et al. 2000 ) and the SMC extinction curve (Pei 1992 ) are also shown. 
Lower: IRX–β relations of the same galaxies in TNG50 with R D/M 

= 0.1. The 
blue and red points show the results for the stardust and dust growth scenarios, 
respectively. Each of these points represents a galaxy with error bars showing 
the standard deviation for the 14 different directions (inclination effect). We 
show the IRX–β relations expected for the Calzetti and SMC curves with 
β int = −2.5 by the solid and dashed lines, respectively. The grey points are 
the observational data of galaxies at z � 7 (Hashimoto et al. 2019 ; Schouws 
et al. 2022 ; Bowler et al. 2022 ). 
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As a result of the SKIRT9 calculation, we obtain the radiation 
uxes from the galaxy received by 14 virtual instruments placed in 
ifferent directions, including both intrinsic and attenuated fluxes. 
he wavelengths are sampled with 200 logarithmic grid points from 

.09 to 10 4 μm . 

.4 Output quantities 

s mentioned in the Introduction, our main focus is on dust attenua-
ion; in particular, we aim at clarifying how the resulting attenuation 
urves are affected by input extinction curves. Observationally, it is 
ather easier (especially for high-redshift galaxies) to obtain the IRX–

relation, which can be constructed only from sparse photometric 
ata points. Following the approach taken by L21 , we output both
ttenuation curves and IRX–β relations. In the following subsections, 
e explain how to calculate these output quantities. 

.4.1 Attenuation curves 

he attenuation at wavelength λ, denoted as A λ, in units of magnitude
s related to ef fecti ve optical depth τ eff 

λ by the relation A λ = 1 . 086 τ eff 
λ .

he ef fecti ve optical depth is defined as (e.g. L21 ) 

eff 
λ = ln 

L λ, in 

L λ, att 
, (2) 

here L λ, in and L λ, att represent the intrinsic and attenuated lumi- 
osities (calculated by the virtually detected flux assuming isotropic 
adiation) per wavelength, respectively. 

.4.2 IRX–β relation 

e explain how to calculate β and IRX. We e v aluate the UV slope,
, as 

= 

log 10 ( L ν2 /L ν1 ) 

log 10 ( λ2 /λ1 ) 
− 2 , (3) 

here all the quantities are e v aluated in the restframe: we adopt λ1 =
 . 16 μm and λ2 = 0 . 25 μm ( L21 ) to a v oid being influenced by the
arbon bump at λ = 0 . 22 μm (which causes an additional uncertainty
n the modeling; Saf arzadeh, Hayw ard & Ferguson 2017 ), and denote
he luminosity density (per frequency) at these two wavelengths as 
 ν1 and L ν2 ( ν1 and ν2 are the frequencies of light corresponding to
1 and λ2 , respectively). The IRX, which is defined on logarithmic 
cales in this paper, is e v aluated as 

RX = log 10 

(
L IR 

L UV 

)
, (4) 

here L IR is the IR luminosity integrated from 3 to 1000 μm and
 UV is the UV luminosity estimated by L UV = ν1 L ν1 . 

 RESULTS  

n this section, we show the basic results of the attenuation curves
nd the IRX–β relation from the selected galaxies in TNG50. We 
nvestigate the difference in the grain size distribution (the stardust 
cenario and dust growth scenario ; Section 2.2 ), and the variation
f the dust abundance regulated by the dust-to-metal ratio R D/M 

. We
lso examine the dependence on the stellar mass to clarify the effect
f the stellar mass selection. 
.1 Different dust sources (two scenarios) 

n Fig. 2 , we focus on the difference between the two scenarios
different dust sources) for the case with the intermediate dust-to- 
etal ratio R D/M 

= 0.1. 
The upper panel of Fig. 2 shows the attenuation curves of the TNG

ample. The dust growth scenario tends to have steeper attenuation 
urves than the stardust scenario as expected from the difference 
n the e xtinction curv es, which are also drawn in the figure. The
ttenuation curves are similar to the original extinction curve in 
he dust growth scenario. Therefore, the information on the steep 
 xtinction curv e is preserv ed when we observ e the attenuation curv es.
n the stardust scenario, in contrast, the attenuation curves are much
teeper than the original extinction curve. The age and scattering 
MNRAS 519, 2475–2485 (2023) 

art/stac3666_f2.eps


2480 Y.-M. Hsu et al. 

M

e  

s  

i  

S  

p
 

f  

d  

a  

e
 

g  

a  

s  

e  

a  

i  

s
 

a  

c  

u  

c  

I  

i
r  

i  

y  

c  

a  

W  

t  

r  

t  

t  

c
 

z  

a  

t  

p  

F  

w  

t  

h

3

W  

a  

t  

s  

g  

a  

r  

t  

c  

w  

a  

e  

n  

d  

Figure 3. Same as the upper panel of Fig. 2 but for R D/M 

= 0.05 (upper) and 
0.3 (lower). 
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ffects (see the Introduction and L21 ) can be responsible for the
teepening. We confirmed that the scattering effect is particularly
mportant by ‘turning off’ the scattering in the SKIRT9 calculations.
cattering ef fecti vely increases the light path of short-wavelength
hotons and raises the probability of them being absorbed by dust. 
Although there is a systematic difference in the attenuation curves

or the two scenarios, they significantly o v erlap. Thus, it is practically
ifficult to distinguish the two scenarios just by comparing the
ttenuation curves. In both scenarios, the attenuation curves can be
ven steeper than the SMC extinction curve. 

The lower panel of Fig. 2 shows the IRX–β relation of the selected
alaxies. We find that the dust growth scenario has higher β values
nd slightly higher IRX values. The change of β between the two
cenarios is large because the dust growth scenario has a steeper
 xtinction curv e, which makes the UV colour redder. Although the
ttenuation curves heavily overlap as shown in the upper panel, there
s a difference in β between the two scenarios, since β is more
ensitive to the extinction curve than IRX. 

For comparison, we also plot the expected IRX–β relations for two
ttenuation curves shown in the upper panel: the Calzetti and SMC
urves. The IRX–β relations for these curves are calculated by atten-
ating the intrinsic SED L λ ∝ λβint with these attenuation/extinction
urves and assuming that the attenuated energy is re-radiated in the
R. We adopt a bluer intrinsic value of β( = −2.5) compared with that
n nearby galaxies ( � −2.2; Meurer et al. 1999 ) to explain the IRX–β

elation shifted towards smaller β (Wilkins et al. 2013 ). Such a blue
ntrinsic UV colour is also used by Schouws et al. ( 2022 ) based on a
oung, low-metallicity stellar population (Reddy et al. 2018 ), and is
onsistent with comprehensive analysis of UV luminosity functions
nd UV colours for high-redsift LBGs by Mancini et al. ( 2016 ).
e find that the data of both scenarios are broadly consistent with

he IRX–β relation expected from the SMC extinction curve. This
eflects the steep attenuation curves in both scenarios. There is a slight
rend that the points in the dust growth scenario are located below
he dashed line (i.e. systematically larger β) because the attenuation
urves are even steeper than the SMC curve. 

For reference, we plot the observed IRX–β relations of LBGs at
 ∼ 7 taken from Hashimoto et al. ( 2019 ), Schouws et al. ( 2022 ),
nd Bowler et al. ( 2022 ). Since the errors are large, we only use
he observational data for a ‘guide’ to confirm that the theoretical
redictions are not deviated significantly from the observed trend.
ig. 2 shows that the observed data with relatively low IRX are
ell explained by our models. Ho we ver, our models are not able

o reproduce the data with large IRX. This is slightly impro v ed by
igher value of R D/M 

, which we discuss in Section 3.2 . 

.2 Effect of the dust-to-metal ratio 

e examine the effect of different R D/M 

. Fig. 3 compares the attenu-
tion curves for R D/M 

= 0.05 and 0.3, smaller and larger values than
hat shown in Fig. 2 , respecti vely. The dif ference between the two
cenarios is qualitatively similar in all cases for R R/M 

; that is, the dust
rowth scenario tends to predict steeper attenuation curves, but the
ttenuation curves of the two scenarios heavily overlap. Ho we ver, the
ange significantly varies depending on R D/M 

. As R D/M 

becomes high,
he attenuation curves tend to be flat. The flattening of attenuation
urves with increasing optical depth (or dust abundance) is consistent
ith the tendency expected from a well-mixed distribution of stars

nd dust: In this geometry, a certain fraction of stellar UV light easily
scape from the galaxy (geometry effect; see the Introduction). We
ote that the same effect (flattening) is also expected if the stellar and
ust emissions are displaced (e.g. Narayanan et al. 2018b ; Pallottini
NRAS 519, 2475–2485 (2023) 
t al. 2022 ). Ho we ver, such a displacement is not clear for our sample
fter the inspection of individual images of star and dust emissions
but we could not address a displacement below the spatial resolution;
ection 4.2 ). Thus, the balance between the flattening and steepening
ffects regulates the variety in the attenuation curve shapes, with the
teepening/flattening prominent in the low/high dust abundance (or
ptical depth). 
In Fig. 4 , we show the IRX–β relations for R D/M 

= 0.05, 0.1, and
.3 in the two scenarios separately. As expected, higher R D/M 

lead to
arger IRX and β values. In each scenario, the IRX–β relations with
ifferent R D/M 

are along a single sequence near to that predicted from
he SMC extinction curve. This is partly in line with the conclusion
rom Ma et al. ( 2019 ), who argued that the IRX–β sequence is
ot sensitive to the R D/M 

. Ho we ver, the location along the sequence
ystematically depends on the value of R D/M 

. 
We also note that the slope of the IRX–β relation is different

etween the two scenarios: In the stardust scenario, the points tend to
e located abo v e the SMC line (dashed line), while in the dust growth
cenario, they are rather located below. Therefore, a large R D/M 

in
he stardust scenario could explain the data points with small β and
arge IRX, while a large R D/M 

in the dust growth scenario is more
uitable to explain those with large β with small IRX. Therefore, the
ifference in the original extinction curve (or the dust source) has
ome impact on the location in the IRX–β relation. 

In Fig. 4 , the same observational data as in Fig. 2 (lower) are
lso plotted. Although the two scenarios with different R D/M 

co v er a
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Figure 4. Same as the lower panel of Fig. 2 but with different R D/M 

. The upper 
and lower panels are for the stardust and dust growth scenarios, respectively. 
The red, green, and blue data points represent R D/M 

= 0.05, 0.1, and 0.3, 
respectively. 
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arge region consistent with some observational data in the IRX–β

iagram, all the dispersion in the observational data, especially at 
ow β and large IRX, is difficult to explain with our models. This
iscrepancy could partly be due to the large errors in the observational
ata and partly be due to the uncertainties in the theoretical model.
s shown in Appendix A , a smaller silicate fraction could increase

RX and decrease β, although it is still difficult to boost IRX
rastically. Another possibility is a mismatch in the stellar mass: Our 
ample has only a small number of galaxies at log ( M � / M �) ∼ 9–10,
hich is typical for ALMA-detected LBGs. In fact, as discussed 

n Section 3.3 , such massive LBGs may have systematically high 
ust optical depths, so that high IRX values could be achieved. 
ome studies focusing on massive objects (e.g. by using zoom-in 
osmological simulations) could help to resolve this issue. 

At slightly lower redshifts ( z ∼ 5), ho we ver, some observ ational
ata put a strong constraint on the IRX–β relation. Stacked data in 
udamoto et al. ( 2020 ) show the IRX ( � 0.0) of z ∼ 5 LBGs is

o w e ven if some of them have β ∼ −1.5. Seeing Fig. 4 , such a
ombination of low IRX and large β can be more easily explained by
he dust growth scenario. This implies that the production of small
rains is already efficient in those LBGs. 
A larger contribution from an old stellar population would lead 

o larger β (Narayanan et al. 2018a ; Burgarella et al. 2022 ). This
ould give an alternative explanation for objects with large β and 
mall IRX. Thus, the star formation histories, which depend on the
dopted star formation and stellar feedback recipe, should also be 
arefully examined and tested against future observations by e.g. 
ames Webb Space Telescope . 

.3 Stellar mass dependence 

n order to examine possible bias caused by the stellar mass selection,
e show the stellar mass dependence of IRX. Indeed, at z ∼ 5,
udamoto et al. ( 2020 ) showed that IRX depends on the stellar mass.
o address this dependence, we present the relations between IRX 

nd M � in Fig. 5 . We adopt R D/M 

= 0.1. For R D/M 

= 0.05 (0.3), IRX
oughly shifts downwards by 0.1 (upwards by 0.2). 

We predict in Fig. 5 a positive correlation between IRX and M � ,
lthough it is difficult to confirm this using the existing data at
 � 5. Such a positive correlation is found at lower redshifts (Heinis
t al. 2014 ; Bouwens et al. 2016 ; Álvarez-M ́arquez et al. 2016 ;
udamoto et al. 2020 ). We also observe a small upward offset in

he dust growth scenario relative to the stardust scenario. The linear
e gression is giv en by IRX = −1.57 + 0.15 log ( M � / M �) for the
tardust scenario and IRX = −1.75 + 0.19log ( M � / M �) for the dust
rowth scenario. From these relations, we find the following two 
oints: (i) The dust growth scenario has slightly higher IRX (by
0.2) since short-wavelength UV light is absorbed more efficiently. 

ii) The IRX systematically increases with M � , and the slope is not
ignificantly different between the two scenarios. 

At z � 7, observational constraints on IRX are difficult to obtain
t M � � 10 9 M �, while the small simulation box in TNG50 makes it
ifficult to sample galaxies at M � � 10 10 M �. Thus, we concentrate
n the comparison at log ( M � / M �) ∼ 9–10. The resulting IRX values
re compared with the observational data of LBGs at z ∼ 7–8 taken
rom Schouws et al. ( 2022 ). Fig. 5 shows that most of the galaxies
t M � � 10 9 M � have IRX � 0.2, which is broadly consistent with
he data, especially those with upper limits. Objects with relatively 
arge IRX ( � 0.2) can only be explained by the dust growth scenario.
o we ver, our small sample size in the above stellar mass range
ampers more detailed comparison. As mentioned abo v e, zoom-in 
MNRAS 519, 2475–2485 (2023) 
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osmological simulations focusing on massive [log ( M � / M �) ∼ 9–
0] objects would help to supplement our comparison. 
We should keep in mind that the uncertainties in dust temperature

ffect the estimate of IRX (e.g. Faisst et al. 2017 ). If the dust
emperatures are systematically underestimated, the IRX values
erived from observed ALMA data are also underestimated. We
lso note that theoretical studies for IRX have not converged yet.
t a fixed M � , our IRX values are comparable to Ma et al. ( 2019 )
ut are smaller than the results in Vijayan et al. ( 2022 ). Pallottini
t al. ( 2022 ) also estimated IRX ∼0–1, systematically larger than
ur results. Nevertheless, it is difficult to identify the actual reason
or the difference because of various underlying assumptions on sub-
rid physics (such as feedback models as discussed by Pallottini et al.
022 ). In the future, we need to investigate the effect of feedback
reatments, sub-grid models, and mass resolutions on the resulting
RX using a single simulation framework in order to understand the
eason for the discrepancies among the abo v e simulations. 

 DISCUSSION  

.1 Distinguishing dust sources 

he abo v e results show that the attenuation curv es are strongly
odified by the radiative transfer effects as already shown by simple

ust–star geometries in L21 . With realistic geometries realized as
 result of hydrodynamic evolution, the attenuation curves in the
wo scenarios (dust sources) are strongly o v erlapped, so that it is
ractically impossible to distinguish the dust sources only from the
hape of attenuation curve. 

The situation is impro v ed if we include IR dust emission in the
nalysis. The different dust sources (or different extinction curves)
o v er different areas in the IRX–β diagram. In particular, β is higher
n the dust growth scenario because short-wavelength photons are

ore efficiently absorbed. Under a certain value of IRX, data points
ith large (small) β are more easily explained by the dust growth

stardust) scenario. Thus, we argue that the statistical distribution of
ata points in the IRX–β diagram reflects the dust source. Ferrara
t al. ( 2022 ) developed an analytic method of deriving various
uantities (e.g. dust mass) using IRX and β, and mentioned that
he results depend on the adopted extinction curve. Thus, there is
 possibility of constraining the underlying extinction properties of
igh-redshift galaxies using the IRX–β relation. 
Although the different dust sources more affect β, IRX still varies.

n particular, using the IRX–M � correlation shown in Fig. 5 , we may
e able to distinguish the two scenarios statistically. In spite of the fact
hat the attenuation curves are strongly modified by radiative transfer
ffects, more detailed analysis using IRX, β, and galaxy properties
e.g. M � ) would lead to a statistical understanding of underlying
ust extinction properties, which are affected by the dominant dust
ources. 

.2 Resolution effects 

n cosmological simulations, it is difficult to realize small-scale
tructures such as molecular clouds. As mentioned in Section 2.1 ,
ur statistical results are not significantly affected by the choice
f TNG50 or TNG100, which implies that the resolution in the
osmological simulation is not a critical issue for this paper. More-
 v er, we hav e confirmed the convergence in the radiative transfer
alculations around the maximum spatial resolution we adopted (a
ew pc). Therefore, there is no indication that the spatial resolutions
trongly affect our conclusions drawn in this paper. 
NRAS 519, 2475–2485 (2023) 
Ne vertheless, some small-scale ef fects that are not dealt with
n our treatment could be important. Dust embedded in a dense
loud could be strongly shielded, and such a cloud has a large
adial gradient of dust temperature, especially when it is located
earby actively star-forming regions or it hosts intense star formation
Ferrara et al. 2017 ; Sommovigo et al. 2020 ). Although we treat
uch an embedded portion of dust by the MAPPINGS III model
Section 2.3 ), the dust temperature still depends on the detailed
reatment of small-scale density structures. Dust emission SEDs
ould be o v erwhelmed by high-temperature dust, making low-
emperature dust ‘invisible’. Moreo v er, if small-scale clumpy struc-
ures exist, dust and stars could be displaced. Such a displacement
ould flatten the attenuation curv e (P allottini et al. 2022 ). Thus,
he energy balance between dust absorption and dust emission
ecomes strongly dependent on the small-scale structures. It would
hus be useful to combine a large-scale cosmological simulation
ith a treatment of small-scale structures in future theoretical
odelling. 

 C O N C L U S I O N S  

n this work, we investigate the effect of dust sources on attenu-
tion properties in z ∼ 7 galaxies using the TNG50 cosmological
imulation data in the IllustrisTNG project. We consider two kinds
f grain size distributions, both of which equally explain the total
ust abundance of ALMA-detected LBGs at z ∼ 7 (Liu & Hirashita
019 ): one is the stardust scenario, in which stellar dust production
s the main source of dust, and the other is the dust growth scenario,
n which the dominant portion of the dust is formed through the
ccretion of gas-phase metals in the dense ISM. These two scenarios
redict totally different grain size distributions: Large ( � 0 . 1 μm )
nd small ( � 0 . 01 μm ) grains are dominant in the stardust and
ust gro wth scenarios, respecti v ely. The e xtinction curv e is flat
steep) in the stardust (dust growth) scenario. We perform radiative
ransfer calculation with SKIRT9 based on the dust properties in the
wo scenarios by treating the dust-to-metal ratio, R D/M 

, as a free
arameter. We output attenuation curves and IRX–β relations to
xamine whether or not dust attenuation properties are different
etween those two scenarios in the dust and star distributions
geometries) realized as a result of cosmological hydrodynamic
imulations. 

We confirm that the attenuation curves are substantially different
rom the original e xtinction curv es because of various radiative
ransfer effects, which were already clarified using simple spherical
eometries by L21 . In the stardust scenario, in particular, the attenu-
tion curves are drastically steepened by the effects of scattering and
tellar-age-dependent extinction. These effects make the attenuation
urves in the two scenarios statistically similar, making it difficult
o distinguish the dominant dust sources only from the attenuation
urve shapes. 

We also examine the IRX–β relation, which is often used to clarify
he attenuation properties of galaxies. A large number of data points
re located near to the IRX–β relation expected from the SMC
 xtinction curv e with a bluer intrinsic stellar UV colour than that
dopted for nearby galaxies. We still find a systematic difference
n the IRX–β relation between the two scenarios. The dust growth
cenario has systematically higher β (i.e. redder UV colours) than
he stardust scenario. In particular, the objects with β > −2.0 with
RX � 0 are more easily explained by the dust growth scenario.
his is because the attenuation curves in the dust growth scenario is
teeper at a fixed value of IRX. 
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We also vary the dust abundance by changing the R D/M 

. There is a
rend of steeper attenuation curves for smaller R D/M 

. This is because
he steepening effects (mainly due to scattering, which increases 
he chance of absorption particularly at short wavelengths) appear 

ore easily at low optical depth, while the flattening effect by well-
ixed dust–star geometries becomes more prominent at high optical 

epth. The IRX–β relation also shifts towards smaller β and smaller 
RX for smaller R D/M 

as expected from the change of dust optical
epth. As mentioned abo v e, the dust growth scenario tends to show
arger β at a fixed IRX than the stardust scenario in all values of
 D/M 

. Thus, the wide variety in the observed IRX–β relation at 
 ∼ 7 could be explained to some extent by different dust formation
cenarios together with a variety in R D/M 

: Objects with blue (red)
V colours but high (lo w) IRX v alues are more easily explained
y the stardust (dust growth) scenario. It is, however, difficult to 
xplain the observational data points with IRX � 0.5 with our 
odels. 
The IRX–M � relation is also influenced by the dust sources 

e xtinction curv es). The dust growth scenario has a significantly 
igher IRX at a fixed M � than the stardust scenario. This indicates
hat the relation between IRX (or β) and galaxy properties (e.g. M � )
s well as the IRX–β relation gives a useful clue to statistically 
istinguishing different extinction curves (dust sources). 
We conclude that the dust–star geometry in a galaxy actively 

hapes the attenuation curve. The attenuation curves tend to become 
imilar even if the original extinction curves are very different. This
ffect makes it difficult to distinguish the dominant dust sources only 
ith the attenuation curve shape. Ho we ver, the two scenarios (with
ifferent dust sources) still co v er different regions on the IRX–β

iagram. Thus, the IRX–β relation is still useful in constraining the 
ust properties predicted from various dust enrichment models. 
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Figure A1. Same as the upper panel of Fig. 2 but for f sil = 0.6. The blue 
and red solid curves show the original extinction curves with f sil = 0.6 for the 
stardust and dust growth scenarios, respectively. 
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PPENDI X  A :  I NFLUENCE  O F  T H E  SILICATE  

RAC TI ON  

e examine the influence of dust composition by changing the
ilicate dust mass fraction f sil . Besides a run with f sil = 0.9 discussed
n the text, we ran calculations with f sil = 0.6 and 0.8 to co v er
he range of the silicate fraction expected for various galaxy ages
Hirashita & Murga 2020 ). 

We show the attenuation curves with f sil = 0.6 in Fig. A1 . Both
f the extinction and attenuation curves are flattened compared with
hose shown in Fig. 2 because of less contribution from silicate, which
roduced steeply rising far-UV extinction curve. We still observe that
he attenuation curve shapes are heavily overlapped between the two
cenarios because the attenuation curve is steeper (flatter) than the
 xtinction curv e in the stardust (dust growth) scenario. 

We show the IRX–β relations adopting these values of f sil for
he two scenarios in Fig. A2 . Since we only adopted 0 . 16 μm and
 . 25 μm for calculating the IRX–β relations, the strong carbon bump
t 0 . 22 μm in the attenuation curves does not directly affect our
iscussion. We observe that the change of f sil moves the IRX–β

elation to the direction roughly vertical to the well identified IRX–β

equence. F or a fix ed value of f sil , the IRX–β relation still extends
ore towards large β in the dust growth scenario than in the stardust

cenario. The variation of f sil contributes to explaining the scatter
owards larger values of IRX at a certain value of β. The IRX–

relation for f sil = 0.6 approaches the sequence predicted with
he Calzetti attenuation curve, which reflects the flatter attenuation
urves for larger f sil . 
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Figure A2. Same as the lower panel of Fig. 2 but with different values for 
the silicate dust mass fraction ( f sil ). The upper and lower panels are for the 
stardust and dust growth scenarios, respectively. The red, green, and blue data 
points represent f sil = 0.6, 0.8, and 0.9, respectively. 
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